During brain development, Pax6 is expressed in specific regions of the diencephalon including secretory cells of the subcommissural organ (SCO), a circumventricular organ at the forebrain-midbrain boundary that originates from the pretectal dorsal midline neuroepithelial cells beneath the posterior commissure (PC). Homozygous small eye (Sey/Sey) mice lack functional Pax6 protein and fail to develop the SCO, a normal PC and the pineal gland. Small eye heterozygotes (Sey/1) show defective development of the SCO's basal processes which normally penetrate the PC, indicating that normal development of the gland requires normal Pax6 gene-dosage. A correlation between the defects of SCO formation and altered R-and OB-cadherin expression patterns in the SCO is observed in mutants suggesting a role for cadherins in SCO development. q
Introduction
According to the prosomeric model, the developing forebrain in vertebrates can be divided into a series of rostrocaudal subdivisions on the basis of anatomical features and patterns of regulatory gene expression (Rubenstein et al., 1994) . At the border between the most caudal prosomere (prosomere 1) and the mesencephalon (i.e. the forebrainmidbrain boundary) is the pretectal region, characterized by an important landmark, the posterior commissure (PC), a conspicuous decussation of fibers originating in the pretectal nuclei serving auxiliary visual functions (Mastick and Easter, 1996; Mastick et al., 1997) . Even before the development of the PC, underlying pretectal dorsal midline neuroepithelial cells begin to produce characteristic high molecular weight glycoproteins of the thrombospondin family that later polymerize in a fiber called Reissner's fiber (RF) which extends along the aqueduct, the fourth ventricle and the spinal central canal (Schöebitz et al., 1986 (Schöebitz et al., , 1993 Naumann et al., 1993) . This secretory ependymal glial region grows concomitantly with the PC. The roof of the fully differentiated caudal diencephalon consists almost entirely of the PC and the underlying secretory ependyma that forms a true brain gland, called by its location, the subcommissural organ (SCO) (reviewed by Rodríguez et al., 1998; Fig. 1A) . Throughout development and in adults, the secretory cells of the SCO display long basal cell processes that cross the nerve bundles of the PC and end in a dilatation on the outer limiting membrane or local blood vessels. This has led authors to consider SCO cells as a type of secretory radial glia persisting in the adult brain (Rakic and Sidman, 1968; Viehweg and Naumann, 1996) . The close anatomical relationship of SCO and PC, together with in vitro evidence showing that SCO glycoproteins promote neurite outgrowth (Gobron et al., 2000) , suggest a developmental relationship between SCO secretions and the formation of the PC.
As mentioned above, the establishment of subdivisions in the developing vertebrate central nervous system (CNS) depends on the spatially and temporally restricted expression of regulatory genes encoding transcription factors and signaling molecules (Krumlauf et al., 1993; Puelles and Rubenstein, 1993; Rubenstein et al., 1994; Stoykova and Gruss, 1994; Rubenstein and Beachy, 1998) . Pax6 is a developmentally regulated transcription factor, containing a paired domain Treisman et al., 1991) , expressed in specific regions of the developing CNS (Walther and Gruss, 1991) . In mice Pax6 expression starts at early embryonic stages in the developing eyes, nasal structures, forebrain, hindbrain and spinal cord (Walther and Gruss, 1991; Stoykova and Gruss, 1994; Grindley et al., 1995 Grindley et al., , 1997 Mastick et al., 1997; Warren and Price, 1997) . In the dorsal forebrain, expression extends caudally to the border between prosomere 1 and the mesencephalon (Walther and Gruss, 1991) . Pax6 is mutated in small eye (Sey) mice (Thieler et al., 1978; Hogan et al., 1986; Hill et al., 1991) . Sey/Sey mice die at birth with numerous defects including abnormal development of the forebrain germinative neuroepithelium (Schmahl et al., 1993; Caric et al., 1997; Brunjes et al., 1998; Götz et al., 1998; Kawano et al., 1999; Chapouton et al., 1999; Warren et al., 1999; Vitalis et al., 2000) . In the Sey/Sey diencephalon, the PC displays severe defects and the identity of prosomere 1 is altered (Stoykova et al., 1996; Mastick et al., 1997; Warren and Price, 1997; Schwarz et al., 1999 ). Pax6 appears to be a good candidate for a regulator of the morphogenesis of the SCO and the PC.
The availability of antibodies against SCO secretory glycoproteins and Pax6 protein allowed us to study Pax6 expression in the radial glial secretory cells of the developing SCO, identified by immunocytochemistry using antibodies against glycoproteins of RF. We showed that mice lacking Pax6 failed to develop a normal PC and SCO. Analysis of heterozygotes indicated a gene-dosage dependent effect on SCO development. Moreover, since a link between defects elsewhere in Sey/Sey mice and altered expression of cadherins has been reported (Matsunami and Takeichi, 1995; Redies and Takeichi, 1996; Stoykova et al., 1997; Redies et al., 2000) , we analyzed the expression of Rand OB-cadherin in the SCO of normal and mutant embryos.
Results

Pax6 is expressed in the dorsal midline secretory glia that constitute the SCO
The pretectal dorsal midline neuroepithelial cells started to express Pax6 at E14.5. Expression increased and around E18.5, when Pax6 protein expression had decreased in other non-pretectal regions (Stoykova et al., 1996) , most cells in the dorsal pretectal ependyma still displayed high levels of Pax6 immunoreactivity (Fig. 1C,D) . In addition to the ependyma, groups of Pax6-positive cells were found in the vicinity of the SCO (Fig. 1C) . Expression of Pax6 decreased after birth in the pretectal dorsal midline ependyma and very few labeled cells were found at P4.
Polyclonal antibodies against bovine RF glycoproteins (AFRU) selectively stained the neuroepithelial cells lining the dorsal midline of the developing pretectum just beneath the prospective PC. Immunostaining was evident from E14.5 and progressively increased to reach the maximum level of immunoreactivity at around E18.5 (Fig. 1B) , when Pax6 immunoreactivity was also highest. We considered the AFRU-immunoreactive region in the pretectal dorsal neuroepithelium as the developing SCO since it has been repeatedly shown that this antiserum is highly specific for this organ throughout the vertebrate phylogeny (Rodríguez et al., 1984) . Double immunofluorescence using anti-Pax6 antibodies and AFRU showed that the ependymal and hypendymal cells of the developing SCO expressed Pax6 protein (Fig. 1D ).
Loss of the SCO and pineal gland in Sey/Sey mice
To better understand the function of Pax6 in the development of the mouse SCO, we examined the SCO and its relation with PC development in wild-type and Sey/Sey embryos. In addition to morphological features, we analyzed the expression of the RF glycoproteins in the SCO secretory cells using AFRU. PC fibers were also examined by immunostaining against GAP43 (Matsunaga et al., 2000) , an axonal growth associated protein highly expressed in developing neurones (Fitzgerald et al., 1991) .
In E12.5 wild-type mouse embryos, the pretectal dorsal midline was formed by a stratified neuroepithelium with elongated cells having basal processes reaching the outer surface of the brain ( Fig. 2A,C) . No AFRU-immunoreactivity was detected and GAP43 immunostaining revealed bundles of fibers in the region (Fig. 2E ). By contrast, E12.5 Sey/Sey neuroepithelial cells at the mesencephalon/ prosomere 1 border did not display features distinguishing them from the rest of the neuroepithelium (Fig. 2B,D) and GAP43 labeled only a few thin axonal bundles that did not constitute any special commissural structure at the dorsal midline (Fig. 2F) .
By E14.5, an embryonic SCO was detected anatomically in the wild-type diencephalon by a slight curvature of the ventricular surface (Fig. 2G ). Ependymal cells became elongated and displayed conspicuous apical cytoplasms and basal processes that penetrated among the bundles of fibers of the PC. AFRU labeled material in most of the SCO cells ( Fig. 2I ). At E16.5, the SCO achieved a morphology quite similar to that in adults, with cells displaying AFRU-immunoreactivity at their apical and basal poles and conspicuous basal processes (Fig. 2K,M) . By contrast, Sey/Sey embryos at E14.5 and E16.5 did not show any morphological differentiation of the ependymal cells lining the dorsal pretectum, nor was any AFRU-immunoreactivity detected (Fig. 2H, J, L, N) . Moreover, the dorsal region was thinner displaying only a few bundles of nerve fibers but no differentiated PC (Fig. 2J,N) .
The SCO region was also analyzed using lectins. Previous studies have shown that SCO glycoproteins can be detected by use of Concanavalin A (ConA) and wheat germ agglutinin (WGA) lectins (see Rodríguez et al., 1998 for a review). In wild-type embryos, both lectins recognized the SCO secretory material in a pattern similar to AFRU-immunoreactivity. However, only very weak reactivity could be observed in the putative SCO area of the Sey/Sey embryo, similar to that seen in other ependymal regions (data not shown).
In wild-types, the pineal gland developed from a dorsal evagination of the diencephalic roof, rostral to the SCO region (Figs. 2G,K and 3B). The pineal gland did not develop in Sey/Sey mice (Figs. 2H,L and 3C). In wild-type embryos, expression of Pax6 was detected in the pineal gland primordium from E16.5 (Fig. 3A) . The pineal gland could also be identified by its immunoreactivity to OB-cadherin (not shown) and by the presence of serotonin immunoreactive cells (Fig. 3B) . In contrast, Sey/Sey embryos showed no pineal gland primordium and no serotonin immunoreactivity in the developing dorsal diencephalon in any embryonic stage. Serotonin immunoreactive neurons were present in the raphe nuclei of Sey/Sey embryos (Fig. 3C, inset ), although they were fewer than in wild-types (Fig. 3B ).
Analysis of heterozygotes
The analysis was carried out in E18.5 embryos since defects elsewhere in heterozygous (Sey/1) embryos have been demonstrated to appear later in embryogenesis (Grindley et al., 1995; Mastick et al., 1997) and since wild-types have a well-developed SCO at E18.5. The SCO of Sey/1 mice exhibited well-developed ependymal cells with conspicuous apical cytoplasms. In contrast to all wild-type cases ( Fig. 4A ; n ¼ 6), however, not all SCO cells in heterozygotes were immunoreactive to AFRU. In sagittal section, strong immunopositive cells were intermingled with immu- nonegative cells in all the heterozygotes examined ( Fig. 4B ; n ¼ 12). Thus, the overall immunoreactivity of the SCO decreased. No AFRU-immunostaining was seen in Sey/Sey embryos at E18.5 ( Fig. 4C ; n ¼ 6). Another striking difference between heterozygotes and wild-types was the drastic reduction in the number and thickness of basal processes and of AFRU-immunoreactive hypendymal cells (compare Fig.  4A and B) . Neither basal processes nor hypendymal cells showed AFRU positive material in any of the heterozygotes ðn ¼ 12Þ. Sey/1 mice exhibited an apparently normal PC (Mastick et al., 1997 ; present study) and the pineal gland was present, although often smaller than normal.
Immunocytochemical analysis of cadherin expression showed that both R-and OB-cadherin proteins were present in the wild-type SCO cells. Expression resembled the pattern reported for the AFRU-immunoreactive secretory material (Fig. 4D,G) , delineating clearly the SCO cells and their basal processes, especially in the proximal zone next to the cell body. In Sey/1 SCOs, the numbers of cadherin-immunoreactive basal processes were always lower than in wild-types. Fig. 4E ,H shows typical examples: only a few stained basal processes were seen. Staining for R-and OB-cadherin was also evident in hypendymal cells. All Sey/Sey homozygotes exhibited weak immunoreactivity for R-and OB-cadherins in the corresponding region (Fig. 4F,I ).
Discussion
Pax6 is involved in SCO ependymal cell differentiation
The present results show that Pax6 is expressed by developing SCO secretory cells. Moreover the onset of both Pax6 expression and AFRU-immunoreactive secretory glycoprotein expression occurs simultaneously, suggesting that Pax6 could control the fate of the neuroepithelial cells that gives rise to the SCO and could be responsible for its distinctive secretory activity and development. This suggestion is reinforced by the fact that the SCO does not develop in mice lacking Pax6. Previous work has implicated Pax6 in the regulation of the proliferative activity of diencephalic precursors (Warren and Price, 1997) , the differentiation of radial glial cells (Götz et al., 1998) and the control of cell fate (Ericson et al., 1997; Götz et al., 1998; Briscoe et al., 1999; Pituello et al., 1999) .
Little is known about the mechanism by which Pax6 protein influences neuroepithelial cell development. A possibility is that Pax6 regulates the expression of cadherins, surface glycoproteins involved in cell adhesion that have been shown to control the sorting and differentiation of neuroepithelial cells (Matsunami and Takeichi, 1995) . In some locations, cadherin expression depends on the expression of Pax6 (Matsunami and Takeichi, 1995; Stoykova et al., 1997) . Since cadherins are also present in the developing SCO (Kimura et al., 1996; Simonneau and Thiery, 1998 ; present results), it is possible that the absence of SCO formation in Sey/Sey mutants could be related to defective expression of cadherins. Interestingly, Pax6 has been suggested to control cell differentiation by controlling cell-adhesion events not only in this glandular structure, the SCO, but also outside the brain in pancreatic hormone-producing endocrine cells (Turque et al., 1994; St-Onge et al., 1997; Dohrmann et al., 2000) .
The relationship between the development of the SCO and the PC
A remarkable feature of the prosencephalon of Sey/Sey mice is the virtual absence of diencephalic structures such as the SCO, PC and pineal gland. Instead, the tectum extends over the region normally occupied by these structures (Stoy- Grindley et al., 1997; Mastick et al., 1997) . Interestingly, in mice lacking Pax2 and Pax5, which are expressed in the mesencephalic/metencephalic primordium, the midbrain and cerebellum are replaced by an overdeveloped caudal diencephalon characterized by an enlarged PC (Schwarz et al., 1999) . Judging by the images in Schwarz et al. (1999) , the enlarged neuroepithelium beneath the PC should correspond to the developing SCO, although no specific staining was reported in that paper. We have additional evidence that mice defective in the regulatory gene Msx1, that is also expressed in the dorsal pretectum, lack a SCO and a PC (Fernández-Llebrez; unpublished results). Thus, it may be that the development of both the PC and the underlying SCO are tightly related to one another and that these structures are under the control of regulatory genes such as Pax2, Pax5, Pax6 and Msx1.
The SCO could influence the development of the PC in a way similar to that in which the floor plate influences the development of the ventral commissures in the spinal cord. In addition to the tight morphological relationship, in vitro studies have shown that SCO secretory glycoproteins promote neurite outgrowth and neural aggregation (Gobron et al., 1996 (Gobron et al., , 2000 Monnerie et al., 1996 Monnerie et al., , 1997a Monnerie et al., ,b, 1998 Didier et al., 2000) . It is thought that this activity could be mediated by the thrombospondin-like repeats present in the RF glycoprotein (Gobron et al., 1996 (Gobron et al., , 2000 that could have an attractive activity on axons forming the PC in a manner similar to F-spondin present in the floor plate of the developing spinal cord (Klar et al., 1992; Higashijima et al., 1997; Burstyn-Cohen et al., 1999) . In this regard it is interesting that in zebrafish, F-spondin has been reported to be present in the developing SCO (Higashijima et al., 1997 ), although we have not observed any F-spondin immunoreactivity in the developing mouse SCO (unpublished results).
On the other hand, nerve fibers of the PC could control the development of the SCO and the defects seen in this region in Sey/Sey embryos could be secondary to absence of the PC rather than being cell-autonomous. Studies in rat have demonstrated that the activity of the SCO depends on serotoninergic fibers originated in the raphe nuclei, some of which reach the SCO through the PC (Mikkelsen et al., 1997) . However, since this innervation seems to be established at postnatal ages in the rat (Jiménez et al., 2001) it is difficult to envisage how it could influence prenatal events such as the formation of the SCO. Moreover, in other species, such as the rabbit and mouse, serotoninergic inner- vation of the SCO has not been found (Wiklund et al., 1977; Matsuura et al., 1989 ). Thus we consider it unlikely that the development of the SCO depends on innervation by serotoninergic axons from the PC. A developmental relationship could also exist between the SCO and the pineal gland since both structures have been reported to be functionally and anatomically linked (Diederen, 1975; Oksche and Korff, 1993; Jiménez et al., 1993) and require the presence of Pax6 protein (present results). However, in mice mutant for Msx1, the pineal gland develops even though SCO and PC are absent (Fernández-Llebrez, unpublished results) , indicating that the pineal can develop in the absence of the SCO and PC. Previous studies (Hogan et al., 1986; Glaser et al., 1994; Schedl et al., 1996) have shown that Pax6 has gene-dosage dependent actions. The partial defects observed in the SCO in heterozygous mice, despite the presence of an apparently normal PC (Mastick et al., 1997) , suggest that there is a gene-dosage dependent requirement for Pax6 by SCO cells themselves.
In conclusion, the present work shows that the expression of Pax6 is essential for the development of the SCO, the PC and the pineal gland from the dorsal midline neuroepithelium at the mesencephalon/prosomere 1 boundary. Although a number of developmentally regulated genes has been reported to be expressed in the pretectal region or its neighbourhood, Pax6 is the first that has been demonstrated to regulate the development of the SCO.
Experimental procedures
Animals
For this study, we used mice with a spontaneous point mutation of Pax6, namely Sey, that generates a non-functional Pax6 protein (Hill et al., 1991) . The original small eye mutation (Pax6 sey ; Roberts, 1967) arose in a stock called 'CSR' and was subsequently outcrossed generating the socalled 'Edinburgh-derived Small eye' (Kaufman et al., 1995; Quinn et al., 1997) . Adult Sey/1 mice (derived from a Swiss background) were distinguished by their abnormally small eyes. Sey/Sey mice die at birth and Sey/ Sey and Sey/1 embryos used for this analysis were derived from Sey/1 £ Sey/1 matings. The day of the first appearance of the vaginal plug was considered day 0.5 (E0.5). Homozygote (Sey/Sey) embryos were recognized by the absence of eyes and a shortened snout (Thieler et al., 1978; Hogan et al., 1986; Hill et al., 1991) and heterozygotes (Sey/1) by their abnormal lower iris margin (Kaufman et al., 1995) . Wild-type embryos were obtained from the same litter or derived from 1/1 £ 1 /1 matings (Swiss outbred strain).
Immunocytochemical analysis
Embryos were studied at four ages: E12.5, E14.5, E16.5 and E18.5. Pregnant mice were sacrificed by cervical dislocation and embryos dissected. Embryos and embryonic brains were placed into cold 0.1 M phosphate buffered saline (PBS), pH 7.2-7.3 and then fixed overnight in Bouins's fluid. After being washed in PBS, they were embedded in wax and 10 mm coronal sections were cut through the telencephalon and diencephalon. Six wild-type and six Sey/Sey embryos were used for each age. When Sey/ 1 heteroxygotes were analyzed, 12 embryos were used.
For immunocytochemistry, all steps were carried out at room temperature. Sections were first treated for 10 min with PBS containing 10% methanol and 10% hydrogen peroxide to inactivate endogenous peroxidase. After washing, they were exposed to one of the following antibodies for 18 h: (1) AFRU, a rabbit antiserum against bovine RF, raised in the laboratory of Dr Fernández-Llebrez, according to Rodríguez et al. (1984) (used at 50 mg/ml concentration; affinity purified IgG fraction (Estivill-Torrús et al., 1998)); (2) anti-R-cadherin (H-66, rabbit polyclonal, 1:20 dilution, Santa Cruz Biotechnology); (3) anti-OB-cadherin (C-16, goat polyclonal, 1:20 dilution, Santa Cruz Biotechnology); (4) anti-GAP43 (GAP-7B10, mouse monoclonal, 1:1000 dilution, Sigma, St. Louis, MO, USA) and (5) anti-serotonin (rabbit polyclonal, 1:1000 dilution, Sigma). For detection, slides were processed as follows: (i) with rabbit anti-mouse, swine anti-rabbit or rabbit anti-goat (as appropriate) biotin conjugated immunoglobulins (1:400 dilution, all from Dako) for 2 h; (ii) with ExtrAvidinw-peroxidase (1:500 dilution in PBS, Sigma) for 20 min; (iii) with 3,3 0 -diaminobenzidine (0.05%; DAB, Sigma). All the antibodies were diluted in PBS containing 0.5% Triton X-100 and 2.5% normal serum (rabbit or swine normal serum, depending on the source of the secondary antibody used). Omission of the primary antibody resulted in no detectable staining. Sections were haematoxylin counterstained when required.
Fluorescence immunocytochemistry
Embryos were processed according to a procedure previously described by Vitalis et al. (2000) . Briefly, embryos were dissected out and frozen in isopentane (2408C). Coronal cryosections (10 mm) were obtained and processed on the same day. After being dried at room temperature, they were fixed for 10 min in methanol/acetone (1:1; 2208C), hydrated in PBS, and blocked in a solution containing 2% bovine serum albumin, 2% sheep serum, 7% glycerol and 0.2% Tween 20 (BS). Sections were incubated overnight with two different anti-PAX6 monoclonal antibodies (AD1.5.6 and AD2.35; 1:50 (Engelkamp et al., 1999) ) diluted in BS. After washing in PBS containing 0.2% Tween 20 (PBST), they were incubated for 1 h in TRITC anti-mouse antibody (diluted 1:200 in phosphate buffer; Vector Laboratories, Burlingame, CA, USA). Sections were finally washed in PBST and analyzed with a Leica (Nussloch) confocal microscope. All incubations were carried out at room temperature. When double immunostaining was required, AFRU (developed in rabbit) and monoclonal anti-PAX6 were used as the first antibodies and TRITC anti-mouse and FITC anti-rabbit antibodies (diluted 1:200 in phosphate buffer; Sigma) were used as secondaries.
Lectin histochemistry
Adjacent serial sections to those considered for immunocytochemistry were treated similarly; they were incubated to block endogenous peroxidase and then washed in lectin buffer (0.1 M Tris-saline containing 1 mM CaCl 2 , pH 6.8). Slides were then incubated for 1 h at room temperature in ConA (with affinity for residues of mannose and glucose) or lectin from Triticum vulgaris WGA (with N-acetyl-glucosamine and sialic acid affinity), peroxidase labeled (1.25 and 0.5 mg/ml, respectively, diluted in lectin buffer; both from Sigma) and then reacted with DAB, as described above.
In situ hybridization
Mouse brains were dissected and fixed overnight in 4% paraformaldehyde at 48C. In situ hybridizations were done as in Warren and Price (1997) and Pratt et al. (2000) . The Pax6 antisense digoxigenin-labeled riboprobe was transcribed from a 1.7 kb fragment from a Pax6 cDNA clone (a gift from R. Hill) and generated sense probes from these plasmids were used for controls.
